H ost defense against viral infection is mediated by two sets of immune responses, innate and adaptive immunity. Dendritic cells (DCs), 4 the first line of defense of the innate immune system, use pattern recognition receptors, TLRs, which interact with various components of pathogens including protein, DNA, RNA, and polysaccharide (1) . DCs rapidly secrete cytokines to trigger responses of other innate immunity cells, such as NK cells, and adaptive immunity cells (T and B cells). Both components of the immune system are required for effective protection of the host from pathogens. Lack of innate immunity leads to rapid replication of pathogens, resulting in death within a few days after infection (2) . In contrast, in the absence of the adaptive immune system, pathogens escape from adaptive immune surveillance, making the host susceptible to chronic and recurrent infections, as is well documented in human immunodeficient patients (3) .
CMV is a major opportunistic pathogen in immunocompromised hosts, such as organ transplant patients. Despite significant advancement in the treatment of CMV disease, it still poses a serious risk to immunocompromised patients. Murine CMV (MCMV) infection provides a useful model to study host-pathogen interaction and its immunity (4, 5) . MCMV is a large dsDNA virus belonging to the ␤-herpesvirus family. The viral genome contains a number of open reading frames (ORFs) that can neutralize, evade, and even stimulate robust host immune responses. Using the MCMV infection model, several receptors that initiate innate immune responses have been recently identified (6 -8) . One such receptor-ligand pair is the Ly49H NK cell activation receptor and m157, an MHC class I-like protein encoded by the MCMV genome (9, 10) . Ly49H is a member of the Ly49 family of type II transmembrane lectin-type receptors localized in the NK gene complex (NKC) on mouse chromosome 6 (11) . MCMV-infected cells express m157 on their surfaces and are recognized and killed by Ly49H-expressing NK cells through perforin-and IFN-␥-mediated cytotoxicity. Genetic evidence from both pathogen and host sides support this mechanism. An MCMV mutant with m157 deletion gains high viral replication ability in an MCMV-resistant mouse strain (12) . Consistent with this, mice lacking Ly49H gene are susceptible to MCMV infection (13, 14) . Furthermore, the transgenic expression of Ly49H made MCMV-susceptible strains resistant to infection (15) . Mice lacking the perforin or IFN-␥ gene in an MCMV-resistant strain are susceptible to MCMV infection (16) . These data underscore the importance of NK cell activation by the virally encoded ligand to control acute-phase MCMV infection and subsequent mortality. However, NK cell activation is not determined simply by the status of the activation receptor; rather, it is determined by the balance between inhibitory and activation receptor signals (17) . Interestingly, m157 has been shown to also bind to an inhibitory NK cell receptor, Ly49I 129 , an Ly49 family member expressed in the MCMV-susceptible mouse strain, 129/J (9). These data suggest that the association between viral protein and polymorphic NK receptors having allelic variations and opposing functions could lead to opposite outcome against viral protection.
Inhibitory mouse NK cell receptors, such as Ly49I 129 and Ly49A, contain ITIMs in the cytoplasmic domain. In contrast, Ly49H does not have any signaling motifs in its cytoplasmic domain. Instead, Ly49H requires the signaling adaptor molecule, DAP12/KARAP, for surface expression and signaling. DAP12/KARAP is a transmembrane protein that contains ITAMs in the cytoplasmic region that recruit downstream activation kinases (18, 19) .
We previously have demonstrated that T cells expressing chimeric receptors consisting of the orphan NK cell receptors extracellular and ITAMs-containing CD3 cytoplasmic domains can be activated by NK receptor-specific ligands to exhibit T cell effector mechanisms (20, 21) . We also have demonstrated that either inhibitory or activation NK receptor ectodomains coupled with CD3 cytoplasmic domains can be used to detect the ligand for NK receptors with positive readouts (21) . We postulated that a chimeric receptor composed of germline-encoded NK receptor ectodomain and CD3 cytoplasmic domain would direct the cytolytic function of CD8 T cells to target cells expressing viral Ags. To test this hypothesis in a viral infection setting, we introduced cytoplasmic CD3 chimeric receptor with the extracellular domain of Ly49H receptor into polyclonal CD8 T cells and tested these CD8 T cells for their ability to protect mice from lethal MCMV infection.
Materials and Methods

Mice and cell lines
BALB/c and B6 mice were purchased from Charles River Japan. RAG-2-deficient mice with B6 background were purchased from Taconic. Six-to 8-wk-old mice were used for the experiments. P815 (DBA/2-derived mast cell line), RMA (B6-derived thymoma cell line), A1 (anti-Ly49A Ab-producing hybridoma), and Plat-E (retrovirus packaging cell line provided by T. Kitamura, University of Tokyo, Tokyo, Japan), were maintained in vitro. Anti-Ly49H Ab-producing hybridoma, 3D10, was provided by W. Yokoyama (Washington University, St. Louis, MO). All experiments on mice were approved by the Animal Study Committees at the Research Center for Allergy and Immunology (RIKEN Yokohama Institute) and the Animal Experimentation Committee, Isehara Campus (Tokai University).
Retroviral vectors and transduction
Constructs of Ly49H-CD3 chimeric receptor, cytoplasmic-deleted Ly49H, Ly49A-CD3 chimeric receptor and cytoplasmic-deleted Ly49A were generated by PCR as described previously (20) . In brief, Ly49H-CD3 chimeric receptor and cytoplasmic-deleted Ly49H constructs were produced by fusing the C-terminal extracellular domain of Ly49H to the transmembrane of Ly49A with or without the cytoplasmic portion of CD3, respectively. These constructs were inserted into the first cistron of the pMX-IRES-GFP vector. m157 cDNA (provided by W. Yokoyama) and H2D d were inserted into pMX-IRES-GFP and pMX-IRES-hCD4 vectors, respectively (20) . Transduction of these cDNAs into target cells was conducted as previously described (20) . GFP-or hCD4-positive target cells were sorted with MoFlow flow cytometer (DakoCytomation).
Generation of polyclonal CD8 T cells expressing chimeric receptors
Splenic CD8 T cells were purified with magnetic beads (Miltenyi Biotec) and stimulated with 5 g/ml plate-bound anti-CD3 and 2 g/ml monoclonal anti-CD28 Abs in medium containing 200 U/ml rIL-2. Cells were infected with retrovirus supernatant containing indicated cDNAs on days 1 and 2, similar to a method described previously (22) . On day 3, cells were recovered and washed, and then cultured with 200 U/ml rIL-2 for another 24 h. Approximately 50 -60% of CD8 T cells were GFP-positive on day 4, and these cells were used for in vivo virus protection assays. For in vitro killing assays, cells were purified by sorting GFP-positive cells according to Ly49H or Ly49A surface expression. 51 Cr release assays with CD8 T cells were performed as described before (21) . Polyclonal rat IgG serum (50 g/ml) was added in all assays as control Ab.
Cytotoxic assay
MCMV preparation and infection
The Smith strain of MCMV (VR194) was obtained from the American Tissue Culture Collection. Stock solution was prepared from salivary glands of MCMV-infected BALB/c mice as previously described (23) . Virus concentration of the MCMV stock solution was 2.0 ϫ 10 9 pfu/ml as determined by plaque assay using subconfluent 3T3/Swiss albino cells as previously reported (24) . Mice were infected with virus by i.p. injection of the virus stock solution.
PCR amplification and sequence of viral m157
Genomic DNA from salivary gland was prepared and viral m157 gene was PCR-amplified with primer as described by French et al. (25) . Amplified PCR products were subcloned into TA cloning vector (Invitrogen Life Technologies and sequenced.
Results
Expression of chimeric receptor on polyclonal CD8 T cells
To test the function of the chimeric receptor in primary cells, we prepared an Ly49H-CD3 chimeric receptor construct having Ly49H extracellular, Ly49A transmembrane, and CD3 cytoplasmic domains (Ly49HZ) in a bicistronic retrovirus vector, pMX-IRES-GFP (pIG). To avoid difficulties in Ly49H expression and confounding association with other signaling molecules, we replaced the transmembrane region with that from Ly49A, a prototype inhibitory receptor that does not require coassociated molecules for expression. As a control, we prepared a cytoplasmic-deleted Ly49H construct having Ly49H extracellular and Ly49A transmembrane domains but no CD3 cytoplasmic domain (Ly49H cyto-del ). Using a retrovirus system, we transduced these chimeric receptors into CD8 T cells from an MCMV-susceptible BALB/c strain (H-2 d haplotype). We obtained ϳ50 -60% GFPpositive cells after the transduction, and most of the GFP-positive cells were positively stained by Ly49H-specific mAb. We sorted GFP-positive cells as effector cells and Ͼ90% of them were Ly49H positive (Fig. 1A) . Then, we prepared DBA2-derived P815 (H-2 d ) as target cells. We transduced pMX-m157-IRES-GFP and pMX-IRES-GFP as control into P815 cells, P815-m157, and P815-GFP, respectively (Fig. 1B ). Using these effector and target cells, we performed in vitro 51 Cr release assays. CD8 T cells transduced with Ly49HZ receptor gained the capacity to kill P185-m157, whereas CD8 T cells transduced with Ly49H cyto-del failed to do so. These data indicate that the engagement of Ly49H and m157 induces the activation of CD8 T cells through the CD3 portion of the chimeric receptor to induce target cell killing (Fig. 1C) . To further support the specificity of the transduced chimeric receptor, we observed that anti-Ly49H-specific mAb blocked the killing of P185-m157 (Fig. 1C) . Notably, these transduced CD8 T cells maintained tolerance to parental P185 and P185-GFP transduction control cells.
Conversion of native receptor function
m157 protein has been shown to bind to the inhibitory NK cell receptor, Ly49I 129 , an Ly49 family member expressed in 129/J mice (9) . Ly49A from C57BL/6 (B6) is the prototype inhibitory mouse NK cell receptor. Ly49A recognizes MHC class I H-2D d , and its specificity is the most well characterized among mouse NK cell receptors (26, 27) . Having changed the specificity of polyclonal CD8 T cells by transducing with the Ly49H-CD3 chimeric receptor, we next attempted to convert the native inhibitory NK cell receptor into an activating receptor in primary CD8 T cells by replacing cytoplasmic Ly49A with CD3. We prepared the Ly49A-CD3 chimeric receptor construct having Ly49A extracellular and transmembrane domains fused with the CD3 cytoplasmic domain (Ly49AZ). As control, we also prepared cytoplasmicdeleted Ly49A, which was made with only Ly49A extracellular and transmembrane domains (Ly49A cyto-del ). We prepared the B6-derived T cell line, RMA, as target cells. We transduced H-2D d -IRES-human CD4 (hCD4) into RMA and IRES-hCD4 as the transduction control, RMA-H-2D d and RMA-hCD4, respectively. We transduced the Ly49A chimeric receptor into CD8 T cells from B6 mice, which do not express endogenous ligands for Ly49A ( Fig.  2A) . Ly49A
cyto-del receptor-transduced CD8 T cells failed to kill RMA-H-2D
d , whereas Ly49AZ receptor-transduced CD8 T cells effectively killed RMA-H-2D d but not RMA or RMA-hCD4 (Fig.   2B ). Furthermore, the killing of RMA-H-2D d was blocked by Ly49A-specific mAb, A1 (Fig. 2C) . These data indicate that polyclonal CD8 T cells transduced with Ly49AZ receptor specifically recognize its ligand and kill target cells. Taken together, these data indicate that CD8 T cells transduced with ligand recognition elements of an NK cell receptor fused with cytoplasmic CD3 gain specificities of the native NK cell receptors and kill target cells, regardless of inhibitory or activation native receptor function. 
BALB/c mice rescued from MCMV infection by CD8 T cells expressing Ly49H chimeric receptor
Successful in vitro killing of m157-expressing cells by polyclonal CD8 T cells transduced with Ly49H-CD3 chimeric receptor prompted us to evaluate their ability to control MCMV infection in vivo. BALB/c mice lacking Ly49H expression are susceptible to MCMV infection and die within 2 wk of inoculation with 4 ϫ 10 6 pfu of MCMV (Fig. 3A) . We prepared CD8 T cells from BALB/c mice and transduced them with either Ly49HZ or Ly49H cyto-del containing retroviruses. Mice received 5 ϫ 10 7 CD8 T cells expressing the Ly49HZ or Ly49H cyto-del receptor, and then received a lethal dose of MCMV infection within 1 h of the cell transfer. Mice receiving CD8 T cells expressing Ly49H cyto-del or no cells died within 10 days, whereas mice receiving CD8 T cells expressing the Ly49HZ receptor survived for Ͼ1 mo after infection (Fig.  3A) . We observed a positive correlation between the number of cells expressing Ly49HZ receptor transferred and survival in our preliminary studies (data not shown).
When the same number of CD8 cells transduced with Ly49HZ was transferred 3 days after the MCMV infection, all mice survived (Fig. 3B ). This result indicates that delayed treatment after onset of infection is still capable of controlling replicating virus.
Forty days after the initial infection, surviving mice were tested for development of memory response to MCMV by rechallenging them with the same viral dose as in the initial challenge. Naive BALB/c mice died within 10 days, whereas all of the rechallenged mice survived, indicating the establishment of effective memory response in those mice (Fig. 3C) . To evaluate the contribution of transfused CD8 T cells to memory response, we evaluated CD8 T cells in the spleens of the surviving mice 10 days after the rechallenge. In those mice, neither GFP-positive nor Ly49H-positive cells were found in the CD8 population (Fig. 3D) .
Transient rescue of RAG-2-deficient B6 mice
Following the initial observation of BALB/c mice that do not have endogenous Ly49H-positive NK cells, we tested whether CD8 T cells expressing the Ly49HZ receptor can rescue mice lacking the adaptive immune system due to the defect in RAG-2 gene from lethal infection. This system is similar to the condition of human CMV infection in immunodeficient patients. It can also address the question whether endogenous or transferred T cells contribute to the anti-CMV memory response. B6-RAG-2-deficient (B6-RAG-2) mice lacking T and B lymphocytes but possessing Ly49H-positive NK cells received syngeneic CD8 T cells (5 ϫ 10 7 cells, 50% positive for Ly49H surface expression) expressing either Ly49HZ or Ly49H cyto-del and were challenged with a lethal dose of MCMV (1 ϫ 10 9 pfu/mouse). All of the B6-RAG-2 mice and most of the B6-RAG2 mice receiving Ly49H cyto-del -expressing CD8 T cells died within 10 days after infection, whereas B6-RAG-2 mice receiving Ly49HZ-expressing CD8 T cells survived (Fig. 4A) . These data indicate that, with high-dose viral infection, endogenous NK cells are not sufficient to protect the host from acute viral expansion and death. Even in this condition, the acutephase infection can be controlled by transferred CD8 T cells expressing virus-specific NK cell chimeric receptors. A second experiment was conducted under the same conditions, and the same short-term survival patterns as in the first experiment were obtained. Surviving mice monitored for an extended time started to die 29 days after the infection (Fig. 4B) , suggesting that the transfusion of CD8 T cells, a mixture of Ly49HZ-positive and -negative cells, failed to develop long-term memory T cells. Various organs were harvested from a moribund B6-RAG-2 mouse on day 31, and the viral titer was determined for each organ. All organs contained very high viral titers (4.4 ϫ 10 6 , 2.0 ϫ 10 7 , 3.6 ϫ 10 8 , and 5.7 ϫ 10 7 pfu in spleen, liver, salivary gland, and lung, respectively), indicating that late-phase death was due to reactivation of MCMV. From the salivary gland sample, m157 ORF gene was amplified by PCR and cloned PCR products were sequenced. All of the clones (14 of 14) contained various mutations that include deletion, point mutation, and premature termination in m157 (Table I ). These data demonstrate that, similar to the study of low-dose MCMV infection of B6-RAG-2 mice (25), rescue of mice by Ly49HZ-expressing CD8 T cells from acute death due to high-dose viral infection does not prevent the appearance of mutant and delayed mortality. This also suggests that the transferred CD8 populations failed to generate effector/memory T cells in vivo.
The fate of transferred CD8 T cells in vivo was monitored with or without MCMV infection in BALB/c mice. Even 24 h after transfer, there are very few, if any, GFP-positive cells in the spleen and lymph nodes, regardless of the MCMV infection (data not shown). Moreover, transferring CD8 T cells 5 days before infection failed to protect mice from MCMV infection (data not shown). These data indicate these transferred cells die shortly after the transfer regardless of the functional relevance.
Discussion
In this study, we described the successful use of in vitro-modified CD8 T cells for protection of mice from lethal MCMV infection. Polyclonal CD8 T cells expressing virus-specific Ly49H-CD3 NK cell chimeric receptor can protect both virus-specific NK celldeficient BALB/c mice and immunodeficient B6-RAG-2 mice from acute death caused by MCMV infection.
The effective protection of the host from pathogens requires both adaptive and innate immune systems. Innate immune cells use germline-encoded receptors for pathogen recognition and play an important role in early infection. However, it is difficult to manipulate cells of the innate immune system to generate specific immune responses to target pathogens. NK cells are unique among the cells in the innate immune system; they express certain virusspecific receptors rather than pattern recognition receptors expressed in DCs and macrophages. Thus, NK cells could be used to treat specific viral infections. However, it is difficult to manipulate and grow these cells both in vivo and in vitro. In contrast, adaptive immune responses mediated by T and B cells use clonally distributed receptors generated somatically. Following the innate response, these cells respond to pathogens and play an important role in the clearance of pathogens and the generation of memory immune responses. It has been shown that the transfer of in vitrogenerated viral Ag-specific CD8 T cells efficiently restores viral immunity in immunodeficient humans (28) . Although methods to proliferate activated T cells in vitro using mAb have been established (29) , it is still difficult to generate pathogen-specific MHCrestricted effector T cells in vitro due to the low frequencies of such pathogen-specific T and B lymphocytes and the requirement of lengthy activation and differentiation of naive T lymphocytes. Furthermore, it is also difficult to establish Ag-specific T cells from individuals with impaired immune responses.
In this study, we successfully used two different immune cells to generate effective protection in mice lethally infected with MCMV. We used a chimeric receptor composed of germline-encoded NK receptor ectodomain and CD3 chain cytoplasmic domain to focus the cytolytic function of CD8 T cells to the target cells expressing viral Ags. These chimeric receptors, when expressed in T cell tumor or hybridoma cells, are capable of interacting with NK receptor-specific ligands and inducing a series of activation events similar to TCR-mediated stimulation in the cells (21) . Our in vitro results clearly demonstrate that CD8 T cells expressing Ly49HZ, an MCMV m157 protein-specific receptor, can lyse target cells expressing the ligand. When these CD8 T cells were transferred into mice in vivo, the mice were protected from lethal MCMV infection. This protection was observed in both Ly49H-negative hosts and hosts lacking T and B lymphocytes, indicating that this method can be used to treat viral infection of hosts with different immune status. It should also be noted that use of the NK receptor/CD3 chain chimera allows us to use any pathogen-specific NK receptor for treatment of infection, regardless of the activating or inhibitory nature of the receptor (Fig. 2) .
Although transfer of Ly49HZ-expressing CD8 T cells was effective even 3 days after infection (Fig. 3, A and B) , the Ly49HZ-expressing CD8 T cells seem to be short-lived in vivo. In BALB/c mice, we did not find any transferred CD8 T cells 1 day after the cell transfer even without the MCMV infection, consistent with 
CD8 T cells expressing either Ly49HZ chimera (OE), Ly49H
cyto-del (‚), or none (f) was injected into B6-RAG-2-deficient mice (five mice per group). Mice were then infected with MCMV (10 9 pfu/mouse) and monitored for survival. We used 10 9 pfu because B6-RAG-2-deficient mice are resistant at 4 ϫ 10 6 pfu. B, In a separate experiment, mice (five mice per group) were treated in the same manner as in A and monitored for an extended period. a B6-RAG2 mice were transfused with CD8 T cells expressing chimeric Ly49HZ receptor and infected with 1 ϫ 10 9 pfu of MCMV. Thirty-three days after initial infection, a salivary gland was harvested from a moribund mouse. The m157 ORF was PCR amplified, and a total of 14 clones was sequenced on both strands. previous observation that majority of activated CD8 T cells transferred in vivo are trapped in the lung and liver (30) . Moreover, in protected mice (Fig. 3C) , no GFP-positive cells were found in the memory response to the secondary challenge. Thus, Ly49HZ-expressing T cells contributed to only the initial phase of host defense, similar to the role of NK cells as well as other innate immune cells under physiological conditions. Consistent with this finding, experiments with B6-RAG-2 mice also showed short-lived protection by Ly49HZ-expressing CD8 T cells. In this experiment, all mice survived the acute phase of MCMV infection but eventually succumbed due to subsequent expansion of the virus with mutations in the target molecule, m157. This observation is similar to that reported by French et al. (25) , the only difference being that B6-RAG-2 mice receiving Ly49HZ-expressing CD8 T cells resisted 3 log order higher virus challenge. Because of the cytolytic effects of Ly49H-positive NK cells and Ly49HZ-expressing CD8 T cells, the MCMV with m157 mutation appears at the late stage of infection that can only be controlled by an adaptive immune system.
In BALB/c mice, a secondary response is mediated by endogenous T cells and in B6-RAG-2 mice, transferred CD8 T cells that contain both Ly49HZ-positive and -negative cells totally failed to mount long-term T cell-mediated control of MCMV. Thus, there is no evidence of the generation of memory CD8 T cells from transferred T cells. Numerous studies have demonstrated that the formation of memory T cells requires both TCR and costimulatory signaling at initial Ag encounter (31) and the generation and maintenance of memory CD8 T cells require CD4 T cell help (32) (33) (34) . Furthermore, cytokines, particularly IL-7 and IL-15, are crucial for the maintenance of memory CD8 T cells (35, 36) . Because transferred CD8 T cells were not observed 1 day after the transfer even without the infection, the methods used to generate effector CD8 T cells in this study, polyclonal activation and proliferation of CD8 T cells with IL-2, also account for the failure to generate memory CD8 T cells in vivo. It is also possible that signaling through the chimeric receptor does not support the generation of memory CD8 T cells, although both TCR and Ly49HZ receptor used the CD3 chain for T cell activation. Further study of the interaction of Ly49HZ-expressing CD8 T cells with authentic MHC/peptide Ags through TCR or with viral Ag through the NK receptor, may provide insights for the development of memory T cell and memory response to pathogens. Alternatively, transferred T cells may be actively recognized and rejected by NK cells in recipient mice in an NKG2D-dependent manner (37, 38) . The NK cell depletion before the CD8 T cell transfer may prolong the survival of transferred cells.
Use of this technology in human viral infection requires identification of viral Ags by human NK receptors. Currently, no human NK receptors specific to human CMV molecules have been identified. However, numerous reports suggest interactions between viruses/viral Ags and human NK cells (39 -42) . Human genes for inhibitory and activation receptors are found in two large genomic regions, the leukocyte receptor complex (LCR) and the NKC. The LCR loci contain many inhibitory and activation receptors with allelic polymorphism, similar to mouse NKC (43, 44) . Recently, a role for the mouse NCR1 receptor, the homolog of human NKp46 located in the LCR, in the recognition of influenzainfected cells and in the protection of mice from influenza was demonstrated in vivo (45) . Thus, a systematic search for both human genome and clinically relevant viral genomes for host-pathogen interaction should be conducted to identify virus-specific human receptors. For this purpose, the screening system using TCR assays previously used for the identification of ligands for orphan NK receptors would be ideal (21) . When receptors specific to viral proteins, whether inhibitory or activation, are identified, our system would generate chimeric receptor-expressing CD8 T cell populations capable of attacking infected cells for treatment of human viral infection. We believe that the identification of virus-specific human receptors along with our approach will open up a new avenue to treat patients suffering from viral infection.
